RET/PTC rearrangements, resulting in aberrant activity of the RET protein tyrosine kinase receptor, occur exclusively in papillary thyroid cancer (PTC). In this study, we examined the association between RET/PTC rearrangements and thyroid hormone homeostasis, and explored whether concomitant diseases such as nodular goiter and Hashimoto's thyroiditis influenced this association. A total of 114 patients diagnosed with PTC were enrolled in this study. Thyroid hormone levels, clinicopathological parameters and lifestyle were obtained through medical records and surgical pathology reports. RET/PTC rearrangements were detected using TaqMan RT-PCR and validated by direct sequencing. No RET/PTC rearrangements were detected in benign thyroid tissues. RET/PTC rearrangements were detected in 23.68% (27/114) of PTC tissues. No association between thyroid function, clinicopathological parameters and lifestyle was observed either in total thyroid cancer patients or the subgroup of patients with concomitant disease. In the subgroup of PTC patients without concomitant disease, RET/PTC rearrangement was associated with multifocal cancer (P = 0.018). RET/PTC rearrangement was also correlated with higher TSH levels at one month post-surgery (P = 0.037). Based on likelihood-ratio regression analysis, the RET/ PTC-positive PTC cases showed an increased risk of multifocal cancers in the thyroid gland (OR = 5.57, 95% CI, 1.39-22.33). Our findings suggest that concomitant diseases such as nodular goiter and Hashimoto's thyroiditis in PTC may be a confounding factor when examining the effects of RET/PTC rearrangements. Excluding the potential effect of this confounding factor showed that RET/PTC may confer an increased risk for the development of multifocal cancers in the thyroid gland. Aberrantly increased post-operative PLOS ONE |
Introduction
Papillary thyroid carcinoma (PTC) is the most common malignancy of the thyroid gland. Rearrangement of the RET proto-oncogene resulting in upregulated RET protein tyrosine kinase receptor activity is believed to play a causative role in PTC pathogenesis [1] . RET/PTC1 (fusion of RET with H4) and RET/PTC3 (fusion RET with ELE1) are the most prevalent variants of RET/PTC [2] . Recent reports have shown that RET/PTC rearrangement is uniquely associated with PTC. Studies on the effect of this oncogene on thyroid hormone homeostasis would provide a deeper understanding of PTC. Moreover, it remains unclear whether concomitant thyroid benign diseases such as nodular goiter and Hashimoto's thyroiditis influence the relationship between RET/PTC rearrangements and PTC.
Patients presenting with thyroid nodules are evaluated for levels of serum thyroid stimulating hormone (TSH), free triiodothyronine (fT3) and thyroxine (fT4), thyroglobulin (TG), and anti-thyroid peroxidase antibody (ATPO) [3, 4] . These factors determine the balance of thyroid hormone homeostasis. The 2015 American Thyroid Association (ATA) management guidelines report that higher serum TSH levels, even those within the upper part of the reference range, were associated with an increased risk of malignancy in thyroid nodules, as well as more advanced stage thyroid cancer [5, 6] . To date, however, a systematic study of these thyroid specific parameters in the context of papillary carcinomas with RET/PTC has not been performed.
In this study, we performed detailed morphologic assessment of PTC and measured thyroid hormone levels prior to and following surgery. Furthermore, we analyzed the correlation between RET/PTC rearrangement and microscopic features, clinical manifestations and thyroid function parameters in thyroid cancer with or without thyroid inflammatory diseases.
Material and Methods

Participants and tumor samples
This protocol was approved by the Ethics Committee of Sun Yat-sen University Cancer Center, Guangdong, China. Written informed consent was obtained from all patients at their first visit.
RET/PTC rearrangement was examined in a total of 114 PTC cases enrolled at the Sun Yatsen University Cancer Center, Guangdong, China between 2011 and 2013. All subjects were unrelated Chinese Han inhabiting southern China. Individuals who had undergone thyroidectomy or had a history of other malignant neoplasms were excluded. Matched cancerous and non-cancerous specimens were obtained from study participants when they underwent surgery. The tissues were excised and immediately frozen in liquid nitrogen and stored at -80°C within 30 min. Study participants included 29 women (25.4%) and 85 men (74.6%), ranging in age from 13 to 76 years (mean age, 41 years).
Data collection
Medical records and surgical pathology reports were reviewed to obtain demographic parameters and pathologic characteristics of the tumors. Slides were independently reviewed by two pathologists to confirm the diagnosis of PTC and concomitant diseases such as nodular goiter and Hashimoto's thyroiditis. Information of primary tumor size, stage grouping, extrathyroid extension and metastasis were assessed based on the National Comprehensive Cancer Network (NCCN Guidelines, Version 2, 2014) on thyroid cancer recommendations (https://www.nccn. org/). Primary and secondary pathological changes were examined and described in detail. The evaluation of thyroid function was performed by the clinical laboratory at the Sun Yat-sen University Cancer Center. Serum TSH, fT3, fT4, TG and ATPO levels were measured before surgery and one month after surgery.
Detection of RET/PTC rearrangements
RET/PTC 1, 2 and 3 rearrangements were detected using TaqMan RT-PCR. Primers and probes used in this experiment were designed by Applied Biosystems (Thermo Fisher Scientific). Amplification and analysis was performed on an ABI 7500 Real Time PCR System (Applied Biosystems, CA, USA). The assay was performed with primers designed to flank the fusion point between RET and its partner genes. The sequences of primers and probes are summarized in S1 Table. The three variants of RET/PTC were detected by multiplex PCR using the following cycling parameters (Fig 1) : 95°C for 2 min; 95°C for 25 s, 65°C for 20 s × 20 cycles; 95°C for 25 s, 62°C for 20 s × 40 cycles. For each PCR reaction, all controls were performed in parallel. Plasmids containing the targeted fusion sequences were used as positive controls. Negative controls had no RET/PTC rearrangements. Each rearrangement detected by RT-PCR was further confirmed by direct Sanger sequencing (Fig 1) .
Statistical analysis
All statistical analyses were performed with SPSS 16.0 software (SPSS, Chicago, IL, USA). The distribution of qualitative variable was examined using a χ 2 test or Fisher's exact test. The distribution of quantitative variable was examined using the Kolmogorov-Smirnov test. The variables that did not follow a normal distribution were compared between two groups by the MannWhitney U test. The corresponding variables are shown as the medians (with 25-75% quartiles). Primary tumor size and changes in thyroid function parameters before and after surgery that conformed to a normal distribution were compared between two groups using a Student's t-test and the means were shown (with standard deviation). Multifactorial logistic regression analysis using likelihood-ratio test was performed to assess the association strength between RET/PTC and multifocal cancer in the thyroid gland and to explore the factors that associated with concomitant diseases in PTC adjusting for demographic parameters and pathologic characteristics. A two-sided P value of less than 0.05 was considered statistically significant.
Results
RET/PTC rearrangement
No RET/PTC1, 2, or 3 rearrangements were detected in the 114 non-cancerous tissues, indicating that RET/PTC rearrangements occurred exclusively in PTC. In the 114 matched cancerous tissue samples, rearrangements were identified in 27 cases, giving an overall prevalence of 23.68%. Of the 27 positive cases, 92.6% (25/27) of rearrangements were RET/PTC1 or RET/ PTC3. Therefore, subsequent analysis focused on these two variants.
Main effect of RET/PTC rearrangements on clinicopatholoigic characteristics, lifestyle and thyroid function in all thyroid cancer patients
In our initial analysis, we disregarded the potential confounding effects of common concomitant diseases such as nodular goiter and Hashimoto's thyroiditis for our analysis of 114 PTC cases. We did not observe any statistically significant association between RET/PTC rearrangements and clinicopathologic features including primary tumor size, T stage, N stage, stage grouping, number of lesions and extrathyroid extension (Table 1 , all P values > 0.05), lifestyle factors including smoking, alcohol consumption and fertility status ( Table 2 , all P values > 0.05), or for thyroid function parameters including TSH, fT3, fT4, TG and ATPO levels before or after surgery (Table 3 , all P values > 0.05).
Influence of concomitant diseases on RET/PTC rearrangement in thyroid cancer
We further examined the effect of concomitant diseases on the association between RET/PTC rearrangement and clinicopathologic characteristics, lifestyle and thyroid function in PTC. Of For the subgroup of PTC patients without concomitant disease, RET/PTC rearrangement showed a statistically significant association with the number of lesions in thyroid gland (Table 1 , P = 0.018). By using a likelihood-ratio regression analysis, the RET/PTC-positive PTC cases showed an increased risk of multifocal cancer in the thyroid gland (OR = 5.57, 95% CI, 1.39-22.33). With respect to thyroid function, serum TSH levels measured one month after surgery were found to be higher in RET/PTC-positive PTC cases as compared to RET/PTCnegative PTC cases (P = 0.037, Table 4 ). Changes in TSH levels before and after surgery were more significant for RET/PTC-positive patients than patients with no rearrangement (P = 0.003, Table 5 ). No difference in fT3, fT4, TG and ATPO levels were found between RET/ PTC positive and negative cases either before or after thyroidectomy (Tables 4 and 5 ). 
Risk factor for concomitant thyroid benign diseases in PTC patients
Since associations between RET/PTC and multifocal lesions was merely observed in PTC without concomitant thyroid benign disease as described above, we further explored possible risk factor affecting the development of concomitant diseases in PTC. In univariate analysis, no association was observed between RET/PTC and status of concomitant diseases in PTC (S2 Table) . In multivariate analysis, we found female gender and multifocal cancers in thyroid gland were positive associated with the occurrence of concomitant thyroid benign diseases in PTC patients (OR = 2.79 and 4.31, respectively, S3 Table) .
Discussion
The objective of this study was to examine the influence of RET/PTC rearrangements on thyroid hormone homeostasis, and to determine whether concomitant diseases like nodular goiter and Hashimoto's thyroiditis had an effect on relationship between RET/PTC rearrangement and PTC. In the subpopulation of PTC patients without concomitant disease, subjects with RET/PTC rearrangements showed an increased risk of developing multifocal cancer in the thyroid gland, and demonstrated higher TSH levels at one month following surgery. Multifocality is a potential prognostic factor in thyroid cancer. In this study, RET/PTC-positive patients showed an increased risk of developing multifocal thyroid cancers. Two different theories regarding the origin of multiple foci have been proposed. One theory is that multiple foci are clonal in origin and arise due to the intraglandular metastasis of a single tumor, which may indicate an increase in the aggressiveness of the cancer [7, 8] . Alternatively, multiple foci may arise independently, which could explain contralateral lobe recurrences years after initial therapy [4, 5] . Regardless of whether multifocality arises de novo or from a single clone, tumor multifocality has been reported to be associated with local and distant metastases and tumor recurrence [6, 9] .
In this study, we demonstrated that an association between RET/PTC and multifocal thyroid cancer existed only in the subgroup of PTC patients without concomitant disease. Rhoden and colleagues reported that follicular cells of Hashimoto's thyroiditis share low-level RET/ PTC expression with papillary carcinoma, suggesting that RET/PTC expression did not predict the development of PTC in patients with thyroiditis [2] . In this study, a large proportion of PTC cases were accompanied by inflammatory disease (49.12%), which could have a confounding effect on the correlation between RET/PET rearrangements the manifestations of PTC. Removal of the confounding factor permits a more accurate determination of correlation. Our study suggested that if RET/PTC rearrangement was detected in PTC cases without concomitant disease, a more aggressive treatment approach could be required.
Among the common thyroid hormones, we found that RET/PTC rearrangements were associated with higher serum TSH levels post-surgery in the PTC patients without concomitant disease, suggesting that surgery alone may not be sufficient to normalize thyroid hormone levels in PTC patients carrying the RET/PTC fusion gene. TSH is a sensitive determinant of thyroid dysfunction, and is recommended to serve as an indicative index in the initial evaluation of patients presenting with thyroid nodules as well as a surveillance indicator after thyroidectomy [9] . It is documented that TSH has a trophic effect on thyroid cancer growth, likely mediated by TSH receptors on tumor cells, and decreased serum TSH concentrations at presentation are an independent predictor of thyroid malignancy [7] . Sugg SL and his colleagues reported that TSH action could be disrupted by RET/PTC at several points [8] . Elevated postoperative serum TSH levels could be explained at least in part by removal of tumor tissue carrying the RET/PTC fusion gene, which may confer an increased risk of tumor recurrence and metastasis. The mechanisms through which RET/PTC rearrangements in thyroid carcinoma affect serum TSH levels remain to be established. Further research is required to determine how RET/PTC rearrangements affect levels of thyroid hormones such as TSH.
Several limitations should also be noted. First, the majority of PTC patients enrolled in the current study did not demonstrate distant metastases (only two cases occur metastases); therefore, we could not establish an association between RET/PTC rearrangement and distant metastases. Second, we couldn't include the factor of PTC variants into analysis because the "type of PTC variants" is not reported in pathological diagnosis routinely in our cancer center, which should be assessed in further studies.
In conclusion, this study building upon previous work examining the relationship between RET/PTC rearrangements and thyroid cancer. We found that serum TSH in RET/PTC-positive thyroid cancer patients without nodular goiter or Hashimoto's thyroiditis increased following surgery. This likely creates a new homeostatic state, in which cells RET/PTC rearrangements may interfere with the TSH signaling pathway. 
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